achieved ROSC in a median of 150 (interquartile range 115-180),163 (124-177) and 282 (199-364) s, respectively. p value for group 1 versus group 2 was 0.51 and ! 0.001 for group 1 versus group 3. There were no differences in temporal changes in oxygen saturations, mean arterial blood pressure, HR, pH, pCO 2 , interleukin-1 ␤ or lactate/pyruvate ratios between groups. Conclusion: Although an additional 30 s to ensure effective ventilation does not impair the speed or success in achieving ROSC, delaying circulatory support for as long as 1.5 min of initial ventilation may be harmful.
Introduction
It is estimated that 5-10% of the newly born population need some degree of active resuscitation at birth [1] . Approximately 1-10% of babies born in a hospital are reported to receive assisted ventilation [2] . In spite of the fact that newborn resuscitation is one of the most frequent procedures carried out in medicine, many of the recommendations have little supporting evidence. Although more clinical and experimental studies form the basis of current guidelines for adult cardiopulmonary resuscitation (CPR) and life support, the complex physiological events in the Key Words Asphyxia ؒ Room air ؒ Resuscitation ؒ Piglet model Abstract Background: When 30 s of initial positive pressure ventilation fails to stabilize the heart rate (HR) of newborns in the delivery room, the International Liaison Committee on Resuscitation guidelines recommend initiation of cardiac compressions. However, it may take longer than 30 s to establish effective pulmonary gas exchange. Whether a longer period of initial ventilation to reverse asphyxia would result in less need for cardiac compressions is unknown. Objectives: Our purpose was to investigate the effect of three different initial ventilation intervals prior to initiation of cardiac compressions on hemodynamic parameters, arterial blood gases, oxygen saturations and markers of inflammation and hypoxic damage in a piglet model of asystole due to asphyxia. Methods: Noroc piglets were anesthetized and mechanically ventilated. Progressive asphyxia was induced until asystole occurred. Randomization was made to ventilation with 21% O 2 for (1) 30 s (n = 16), (2) 1 min (n = 16), or (3) 1.5 min (n = 8) before initiation of cardiac compressions. Return of spontaneous circulation (ROSC) was defined as HR 6 100 min -1 . Results: Piglets initially ventilated for 30 s and 1 and 1.5 min transition from fetal to extrauterine life call for special considerations when stabilizing and resuscitating a newborn baby. Some of these physiological features even pertain to infants throughout the neonatal period and into the first months of life. Many of the considerations and interventions that apply to the newly born may remain important for days, weeks, or months after birth [3] . Considerably less scientific data support guidelines and decision making when it comes to these lower age groups.
The present International Liaison Committee on Resuscitation (ILCOR) guidelines, established in 2005, emphasize that establishing effective ventilation remains the primary objective in the management of the apneic or bradycardic newborn infant in the delivery room. Proper positive pressure ventilation alone is, according to the guidelines, effective for resuscitating almost all apneic or bradycardic newborns [4] .
The variability in respiratory rate that is characteristic of perinatal transition prevents designation of a specific respiratory rate requiring intervention. As it also is difficult to count an infant's respiratory rate in the delivery room, the current guidelines recommend positive pressure ventilation if the infant is apneic, gasping or if the heart rate (HR) is ! 100 min -1 after the initial step of drying and stimulation. Ventilation rates of 40-60 inflations min -1 are commonly used, but the relative efficacy of various rates has not been investigated [5] . The effectiveness of ventilation is judged primarily by a rise or stabilization of the HR and secondarily by examining for sufficient chest rise. If HR is ! 60 min -1 and not increasing after what would otherwise appear to be adequate ventilation for 30 s, initiation of chest compressions is advocated.
When resuscitative efforts are made the infant is evaluated every 30 s regarding the need for additional measures. In particular the 30-s period of ventilation before initiation of cardiac compressions may be short, especially when considering that the guidelines recommend compressions on a beating heart (HR ! 60 min -1 ). Knowing that neonatal transition is a gradual process and pulmonary gas exchange needs 1-2 min to be established [6] , the possibility exists that at least some newborns' response to ventilation is delayed beyond 30 s. Dawes et al. [7] did find a linear relationship between the duration of asphyxia and the return of respiratory function in newborn monkeys in the 1960s, but we have not found any recent studies regarding the optimal time of ventilation before initiating cardiac compressions in the newborn in need of resuscitation.
Given the lack of evidence supporting the 30-s interval of ventilation prior to initiation of cardiac compressions for HR ! 60 min -1 , our objective was to determine the impact of longer periods of positive pressure ventilation before initiation of cardiac compressions in a newborn swine model of asphyxia-induced cardiac arrest. We hypothesized that ventilation for 1 min before initiation of cardiac compressions would reduce the time to return of spontaneous circulation (ROSC) compared to the recommended 30 s of initial ventilation. The suspected positive effect of this delay will at a certain time be counteracted by the need for adequate circulation, and we also speculated that ventilation for 1.5 min before initiating cardiac compressions would be too long.
Methods

Experimental Protocol
The experimental protocol ( fig. 1 ) was approved by the Norwegian Council for Animal Research. The animals were cared for and handled in accordance with the European Guidelines for Use of Experimental Animals by certified Federation of European Laboratory Animals Science Associations category C researchers.
Animal Preparation
Forty-eight Noroc pigs, 14-34 h of age (2.0-2.7 kg) were transported from a local farm on the day of the experiment. Exclusion criteria were arterial Hb ! 6 g/dl or poor general condition (e.g. hypotension, bradycardia). Anesthesia was induced by sevofluran 5% (Sevorane, Abbot Laboratories, Abbot Park, Ill., USA) and was discontinued when an ear vein was cannulated (BD Neoflon, 24GA, 0.7 ! 19 mm; Becton Dickinson Infusion Therapy AB, Helsingborg, Sweden), usually within 2-3 min. The animals were then given pentobarbital (50 mg/ml) 15-20 mg/kg, midazolam (5 mg/ml) 0.5 mg/kg and fentanyl (50 g/ml) 50 g/kg i.v. as a bolus injection. The pigs were then tracheotomized and mechanically ventilated (Babylog 8000+; Drägerwerk, Lübeck, Germany) with 21% oxygen, inspiratory time of 0.4 s, positive inspiratory pressure 25, positive end expiratory pressure 4 cm H 2 O and rate depending on pCO 2 values (target range 4.5-6.0 kPa). The left external jugular vein was cannulated with an arterial cannula with FloSwitch (20G7l, 10 ! 45 mm; Becton Dickinson, Swindon, UK) and sutured to the skin. The right common carotid artery was then cannulated using a venflon-catheter (BD Venflon Pro, 22GA, 0.9 ! 25 mm. Becton Dickinson Infusion Therapy AB) for continuous blood pressure and HR monitoring. A suprapubic catheter (Bardia Pediatric Foley Catheter; Bard Ltd., Crawley, UK) was placed in the urinary bladder through an abdominal incision. After the surgical procedure the animals were allowed to stabilize on the ventilator for 1 h before asphyxiation. Anesthesia was maintained by a continuous infusion of fentanyl (50 g/kg/h) and midazolam (0.25 mg/kg/h; IVAC P2000 infusion pump; Alaris Medical Systems, Inc., San Diego, Calif., USA). If necessary, a bolus of fentanyl (50 g/ml) 50 g/kg, midazolam (5 mg/ml) 2.5 mg/kg or pentobarbital (50 mg/ml) 2.5 mg/kg was administered according to clinical judgment. Pentobarbital was only added when there was increased muscular tone that did not respond to fentanyl or midazolam. Temperature, anesthetic agents, blood pressure, glucose, fluids, and mechanical ventilation were titrated similarly by a prospectively designed laboratory protocol for all animals. A convenience sample of half of the pigs was monitored using the method of near-infrared spectroscopy with the Invos cerebral oximeter (Somanetics, Troy, Mich., USA). Following the resuscitation protocol, the animals recovered for 4 h while anesthetized and then were euthanized by administration of 150 mg/kg pentobarbital i.v.
Randomization
After stabilization, the animals were randomized by pulling folded cards and assigned to 1 of 3 ventilation groups: cardiac arrest following asphyxia and (1) initiation of chest compressions after 30 s of ventilation; (2) initiation of chest compressions after 1 min of ventilation, and (3) initiation of chest compressions after 1.5 min of ventilation. Stratification was made with respect to gender.
Asphyxiation
Following baseline measurements progressive asphyxia was induced by adding CO 2 to achieve a pCO 2 of 1 7.0 kPa. In addition oxygen was reduced to 8% and the ventilator rate reduced by 10 breaths min -1 every 10 min until asystole. Asystole was defined as a mean arterial pressure (MAP) of 0 mm Hg with loss of pulsatility. In addition, cardiac auscultation was performed to assess the state of the animal.
Resuscitation Procedure
After 20 s of asystole, asphyxia was reversed by resuscitation with positive pressure ventilation with room air due to the toxic effect of supplementary oxygen [8, 9] (using the ventilator with positive inspiratory pressure of 25 cm H 2 O, positive end expiratory pressure of 4 cm H 2 O, inspiratory time of 0.4 s and rate of 40/ min), for 30 s, 1 or 1.5 min as dictated by randomization, followed by coordinated cardiac compressions and ventilations at a ratio of 3: 1 and i.v. adrenaline. As per ILCOR resuscitation guidelines, CPR was continued and adrenaline (0.02 mg/kg) administered every 3 min until a HR of 6 60 min -1 was achieved. Cardiac compressions were then discontinued, and ventilation continued until a steady HR of 6 100 min -1 . If the HR did not increase beyond 60 by ventilation only, cardiac compressions were re-instituted until a HR of 6 100 min -1 . The resuscitation protocol was implemented by a 2-member resuscitation team. One person was assigned to each of the following roles: (1) chest compressions at a metronome-guided rate of 90 min -1 ; each compression was aimed to generate a MAP of 6 20 mm Hg, and (2) supervisor who coordinated the timing and sequence of resuscitation interventions as defined in the protocol. ROSC was defined as an unassisted pulse rate of 6 100 min -1 . If there was no ROSC after 15 min of resuscitation, resuscitation efforts were stopped. If ROSC was achieved, the pig was kept on the ventilator for 4 h prior to euthanasia unless death occurred earlier. In the case of severe hypotension (MAP ! 15 mm Hg), the pigs were given a bolus of NaCl 10 ml/kg as a rapid i.v. injection. If seizures occurred, a bolus of midazolam (5 mg/ml) 2.5 mg/kg was administered.
Four hours after ROSC cerebrospinal fluid (CSF) was collected through a lumbar puncture. The animal was then euthanized, and bronchoalveolar lavage performed using 30 ml/kg warm saline (38 ° C). Aspirated samples were immediately centrifuged at 2,000 g and 4 ° C for 20 min to remove cells. The supernatant was transferred to polypropylene tubes and frozen at -80 ° C for later cytokine analysis.
Monitoring HR, arterial blood pressure, electrocardiogram (ECG) and SpO 2 were continuously monitored and recorded using Biopac modules (Model MP 150; Biopac Systems Inc., Goleta, Calif., USA). Temperature-corrected arterial blood gases, glucose and lactate were measured at certain time intervals throughout stabilization, asphyxiation and the post-resuscitation observation period (Bloodgas Analyzer 860; Ciba Corning Diagnostics Corp., Medfield, Mass., USA). Rectal temperature was continuously monitored with a flexible digital thermometer (Ama-digit ad 15th; Amarell Electronic, Kreuzwertheim, Germany) and maintained between 38 and 40 ° C with a heating blanket and a radiant heat lamp. End-tidal CO 2 was monitored using Datex Normocap Oxy (Datex, Helsinki, Finland).
Near-Infrared Spectroscopy
A probe (Pediatric SomaSensor; Somanetics, Troy, Mich., USA) was placed on the left side of the skull, contralateral to the catheter in the common carotid artery. Regional cerebral oxygen saturation, rScO 2 , was continuously monitored and recorded. rScO 2 is a relative parameter which cannot be used for comparison between individuals. We therefore calculated the changes in rScO 2 expressed as the rScO 2 actual/rScO 2 baseline. Cerebral fractional tissue oxygen extraction was calculated from rScO 2 and SpO 2 values. The ratio of (SpO 2 -rScO 2 )/SpO 2 was calculated to represent the balance between oxygen delivery and oxygen consumption [10] .
Cytokine Analysis
Interleukin-1 ␤ (IL-1 ␤ ) in bronchoalveolar lavage fluid was analyzed in a blinded fashion using the Quantikine porcine IL-1 ␤ Immunoassay (R&D Systems Europe, Ltd., Abingdon, UK). All samples were analyzed in duplicate following the manufacturer's instructions for cell culture supernate samples. Samples were measured spectrophotometrically at 450 nm with wavelength correction set to 540 nm (Varioskan; Thermo Fisher Scientific Inc., Waltham, Mass., USA).
Lactate and Pyruvate
Immediately after collection, CSF and arterial whole blood were added to perchloric acid for extraction and centrifuged at 2,000 g and 4 ° C for 20 min. The resulting supernatant was then kept at -20 ° C for a maximum of 2 days until analysis at the Department of Medical Biochemistry, Oslo University Hospital, Rikshospitalet, Norway. Lactate was quantified by an automated spectroscopic enzymatic method at 340 nm (RA-110 Apparatus; Technicon, Bayer, Leverkusen, Germany). A similar, but manual enzymatic method was used for the quantification of pyruvate (Beckman DU 640 spectrophotometer; Pegasus Scientific Inc. Rockville, Md., USA). All reagents were from Sigma Diagnostics (Sigma-Aldrich, St. Louis, Mo., USA). Samples were analyzed in a blinded fashion.
Number of Animals in the Study and Data Analysis
Statistical analysis was performed using SPSS 14.0 for Windows (SPSS Inc., Chicago, Ill., USA). Descriptive statistics are reported as mean and standard deviation (SD) or median and interquartile range (IQR)
To investigate the temporal change of a set of variables such as SpO 2 , we fitted repeated measurement models. These are analysis of variance models (ANOVAs) with two factors; time and intervention (group), accommodating dependent time observations given the pig, but independence between the animals. The results from the repeated measurement model are tests for differences between the groups, tests for differences between the points of time, and an interaction term between time and intervention.
A Bonferroni correction was used for multiple comparisons. p values of ! 0.017 were considered statistically significant.
Results
Forty-eight pigs were scheduled for enrollment. Halfway through the study, the clinical difference in terms of time to ROSC between the 1.5-min group and the 30-s group was so apparent that we found it unethical to continue inclusion in the 1.5-min group. One animal in the 30-s group suffered bradycardia (HR ! 100 min -1 ) throughout the 1-hour stabilization period and was excluded. In the 1.5-min group, one of the pigs did not achieve ROSC. For this animal, time to ROSC was set to arbitrary 1,000 s for statistical calculations using the Mann-Whitney test.
Animals prior to Treatment
Baseline characteristics are summarized in table 1 . Except for a higher HR, a lower lactate and pH in the 1.5-min group, there were no significant differences in any of the parameters in table 1 between the groups. Table 2 contains animal data at the time of asystole. Mean time of asphyxia sustained, arterial blood gases and lactate were comparable between groups.
Resuscitation/ROSC
Characteristics of resuscitation are depicted in table 3 . There was no difference in time to ROSC between the animals resuscitated following the current ILCOR neonatal algorithm with 30 s of ventilation and the group ventilated for 1 min before initiation of chest compressions. On the other hand, pigs ventilated for 1.5 min needed a significantly longer time to ROSC than those resuscitated following today's algorithm. The 1.5-min group received a higher number of adrenaline doses during resuscitation and had a significantly lower MAP immediately after ROSC compared to the 30-s group.
Markers of Inflammation/Hypoxic Organ Damage
There was no difference in mean IL-1 ␤ in bronchoalveolar lavage fluid or CSF between the 30-s group and either of the 1-and 1.5-min groups. Lactate/pyruvate ratios in blood and CSF were similar between the 30-s and the 1-min group. Due to technical difficulties related to the fact that samples for lactate/pyruvate analyses have to be analyzed shortly after collection, the number of animals tested for lactate/pyruvate in the 1.5-min group was too small for statistical calculations ( table 4 ) .
Blood Gases
Temperature-corrected arterial blood gases were measured at various time points during stabilization, asphyxiation and the 4 h after resuscitation. Figure 2 illustrates that there were no differences in the temporal changes in pH, pCO 2 
Oxygen Saturation/Consumption Measurements
There were no differences in the temporal changes in SpO 2 , rScO 2 actual/rScO 2 baseline or cerebral fractional tissue oxygen extraction between the 30-s and the 1-min group (p = 0.47, 0.34 and 0.064, respectively). The same was true when comparing changes between the 30-s and the 1.5-min group (p = 0.79, 0.56 and 0.34, respectively; fig. 3 ).
Hemodynamic Parameters
The temporal changes in HR during the entire course of the experiment were similar between the 30-s and the 1-min group (p = 0.76). The same was true when comparing the 30-s group and the 1.5-min group (p = 0.77; fig. 4 ). There was however a difference in HR at baseline (p = 0.012) between the 30-s and 1.5-min groups. Corrected for this differences, time to ROSC still differed significantly between the 2 groups (p = 0.001).
The temporal changes in MAP were not different between the 30-s and the 1-min group (p = 0.71) or between the 30-s and the 1.5-min group (p = 0.37).
Clinical Course
There were no differences between the groups in the need for additional doses of midazolam, fentanyl and pentobarbital (results not shown). As boluses of these medications were given only if animals demonstrated clinical signs of pain and/or seizures, this indicates that the animals were similar in this respect regardless of intervention. Also, possible hemodynamic effects of these pharmaceuticals are expected to be similar between the different groups.
Discussion
According to ILCOR neonatal resuscitation guidelines, chest compressions are indicated for a HR that is ! 60 min -1 despite adequate ventilation with supplementary oxygen for 30 s. It is important to recognize that the ILCOR algorithm timeline was based on physiologic plausibility, expert opinion and ease of teaching and remembering the sequence of resuscitation steps rather than on actual experimental or clinical data. Because ventilation is the most effective action in neonatal resus- citation and because chest compressions are likely to compete with effective ventilation, rescuers should ensure that assisted ventilation is being delivered optimally before starting chest compressions [11] . In this study we compared the current ILCOR recommendation for 30 s of initial effective positive pressure ventilation before initiation of cardiac compressions with two longer ventilation intervals. We did not find differences in time to circulatory recovery or hemodynamic parameters in the observational period of 4 h after ROSC between the groups ventilated for 30 s and 1 min, respectively. Neither did we find differences in the biomarkers of hypoxic injury or inflammation between these 2 groups. When delaying initiation of cardiac compressions to 1.5 min of ventilation, time to ROSC was significantly delayed and subsequent hemodynamic outcomes were markedly worsened. Our results may indicate that the optimal time with efficient ventilation is somewhere between 1 and 1.5 min. However, a weakness of the study is that we decided to stop inclusion in the 1.5-min group at 8 animals. As these animals differed from the 16 plus 16 animals in the other groups in some of the baseline features (higher HR, lower pH and lactate), one might ask if this decision led to making this group not entirely comparable with the other 2 groups. However, after discovering these differences, we calculated baseline measurements for the first 8 animals in each of the 3 groups. We saw then that the noted differences in the 1.5-min group were already present at that time; hence the differences were more likely due to chance than incomplete randomization. The differences do not appear to be clinically relevant. It is also worthwhile noticing that when we compare times to ROSC halfway through the study, the difference between 30 s and 1.5 min was already significant (p = 0.005).
In a study of 130 neonatal resuscitations at a tertiary medical center in 2002, compliance with the Neonatal Resuscitation Program (NRP) timeline was investigated [10] . The results indicated that in most cases, compliance with the timeline was poor. HR checks were completed after a mean time of 78 s, which made it impossible to initiate cardiac compressions at the recommended 60 s (30 s drying and stimulation plus 30 s ventilation) when necessary [12] . Little additional data exist regarding compliance with the timeline. Still these findings of Stavroudis et al. [12] are in accordance with clinical experience. The 30 s intervals in the clinical setting do seem short, and it will be important to further investigate the consequences of delaying the steps in the algorithm in regard to patient outcome. Our study indicates that when it comes to deliberately prolonging the time with ventilation and thus delaying initiation of cardiac compressions, a 30 s expansion of this step (from 30 to 60 s), may not affect short-term outcome. However, by prolonging the ventilation interval further, adverse effects on outcome become apparent. We found that median time to ROSC was significantly longer when ventilating for 90 compared to 30 s. As it has been suggested that the duration of CPR attempts is the best indicator of mortality both in pediatric intensive care patients and in infants requiring CPR at birth [13, 14] , a 90 s delay may be too long.
The study was performed on newborn pigs which have several similarities to human newborns with regard to anatomy, size, immunology and susceptibility to hypoxia. The level of development of the neonatal pig's brain is comparable with that of a term human newborn [15] . It is therefore reasonable to believe that our findings primarily apply to term infants. A potential weakness of our study design is that the experiments were performed on animals that had undergone the ventilatory transition from intra-to extrauterine life occurring in the first few hours of life. A previous study has also shown that these animals do not have hemodynamically relevant patent ductus arteriosus [16] , making their hemodynamics different from the ones of a newborn in a delivery room. It is however stated by the American Heart Association that the Neonatal Resuscitation Guidelines '… are also applicable to neonates who have completed perinatal transition and require resuscitation during the first few weeks to months following birth' [5] . Our animals were considerably sicker than most asphyxiated newborns we see in the clinical setting. At a mean pH of 6.68 (0.14) and mean base excess of -28.3 (5.0), myocardial function was severely depressed. Overall, the animals' susceptibility to a prolonged period of ventilation alone is expected to be lower than what is the case for a newborn baby. Still, the animals seemed to do well with proper ventilation and withholding cardiac compression for an additional 30 s. Our animals had an HR = 0 evaluated by ECG, invasive blood pressure and auscultation, as opposed to babies with bradycardia only. We therefore have reason to believe that our findings would be similar, if not pointing towards an even longer optimal interval of ventilation in a clinical study on newborn babies. One might even be able to reduce the number of babies in need of cardiac compressions as a slight prolongation of the time with optimal ventilation might prove efficient in restoring adequate HR. Results of the 'Resair 2 study' by Saugstad et al. [17] indicate that considerably more newborns receive chest compressions than actually require this interven-tion. A longer ventilation interval might give the medical providers time to appropriately focus on maneuvers to improve ventilation before getting distracted by initiation of cardiac compressions.
The value of reducing the number of babies receiving cardiac compressions lies in the fact that although uncommon, infants may sustain rib fractures secondary to resuscitation efforts. Besides cutaneous bruises, the infants may also suffer from pulmonary contusions of varying degrees after CPR. There is evidence that there is a correlation between the duration of resuscitation and incidence of injury [18] . Recent studies also suggest that a longer duration of CPR, as well as more doses of adrenaline and bicarbonate, are associated with higher mortality [13] .
To our knowledge this is the first published study on the optimal time of ventilation before initiating cardiac compressions in the newborn in need for intensive resuscitation. The questioning of the 30 s intervals in the neonatal flow algorithm is important, especially since it seems to be difficult to comply with these guidelines. In terms of the possible avoidance of cardiac compressions, the reduction in potential physical trauma might also be of importance.
In conclusion we could not prove that ventilation for 1 min before initiation of cardiac compressions led to a reduction in the time to ROSC compared to the recommended 30 s of initial ventilation, but it did not appear to be harmful. There will indeed be need for further studies on this subject. We recommend performing studies on animals during the first few minutes after birth, but clinical observational studies might also provide us with more knowledge on this matter.
